Abstract Heat shock protein 70 (designated Laternula elliptica Hsp70 (LEHsp70)) expression was investigated in an Antarctic mud clam to see whether or not the inducible heat shock response has been conserved throughout over 25 million years of adaptation to constant low environmental temperatures. LEHsp70 cDNA was cloned and sequenced from the Antarctic clam Laternula elliptica. We used degenerated primers designed in the highly conserved regions of Hsp to amplify the corresponding mRNA, and full-length cDNA was obtained by rapid amplification of cDNA ends (RACE). The full length of LEHsp70 cDNA was 2470 bp, with a 5Ј untranslated region (UTR) of 92 bp, a 3Ј UTR of 416 bp, and an open reading frame (ORF) of 1962 bp encoding a polypeptide of 653 amino acids with an estimated molecular mass of 71.266 kDa and an estimated isoelectric point of 5.20. LEHsp70 contained highly conserved functional motifs of the cytosolic Hsp70 family. Expression of the LEHsp70 gene was quantified by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) of digestive gland and gill tissues. Heat shock (10ЊC for different time periods) caused rapid induction of LEHsp70. A significant 4.6 Ϯ 0.14-fold increase in the LEHsp70/␤-Actin mRNA ratio occurred in the gill at 12 hours, which returned to baseline after 48 hours. In contrast, the maximum expression in the digestive gland (3.6 Ϯ 0.36) was reached at 24 hours and was still significant after 48 hours (1.89 Ϯ 0.21). This indicates that LEHsp70 may play an important role in mediating thermal stress and tolerance in this clam.
INTRODUCTION
The Antarctic clam Laternula elliptica, which is endemic to the Antarctic, is one of the most abundant macrobenthic species in the Antarctic coastal region. It has been recognized as an important sentinel species for monitoring changes in coastal ecosystems (Ahn et al 1996; Choi et al 2007; Park et al 2007) . Isolated from the rest of the world, L elliptica has evolved under a cold and thermally stable environment for many millions of years. To understand the process of evolution and adaptation of this bivalve species that has survived under extremely cold environmental conditions, it is necessary to understand its biochemical and molecular mechanisms of thermal tolerance.
In the current period of global warming, temperature likely is a major factor affecting the growth and survival of L elliptica and possibly many other Antarctic organisms. Almost all organisms react to thermal stress by increasing the expression of a set of proteins known as heat shock proteins (Hsps). The heat shock response is an evo-lutionarily conserved mechanism for maintaining cellular homeostasis following sublethal noxious stimuli, including oxygen radicals, toxicants, and inflammatory stress (Lindquist 1986; Lindquist and Craig 1988) . Disruption of normal cellular processes can cause rapid increased synthesis of a group of proteins belonging to the Hsp families. These proteins have been classified into several families based on their molecular mass, such as Hsp90 (85-90 kDa), Hsp70 (68-73 kDa), Hsp60, Hsp47, and low molecular mass . Functionally, the Hsp90 family is involved in steroid receptor formation and protein folding (Zhao and Houry 2005) ; Hsp60 mediates protein stability and folding (Fink 1999) ; and the Hsp70 family is necessary for protein folding, multimer dissociation and association, translocation of proteins across membranes, and regulation of the heat shock response (Hartl et al 1992; James et al 1997) . Many other specific functions, including a role in immunological processes, have been characterized for particular Hsp types.
Of these proteins, the Hsp70s are among the mostly highly conserved proteins known (Boorstein et al 1994) . A major inducing factor for Hsp70 upregulation is the occurrence of damaged cellular protein (Feder and Hof- mann 1999), and the regulation of Hsp70 gene expression occurs mainly at the transcriptional level. It is likely that Hsp70 contributes to the protection of cellular proteins by functioning as a molecular chaperone. Although little is known about the specific contribution of Hsp70 and its chaperone activity to the development of thermal tolerance, the level of this resistance correlates to the level of Hsp70 expression in individual clonal cell lines (Smith and Yaffe 1991; Li et al 1992; Parsell and Lindquist 1993) . Hsp70 genes have been cloned from several bivalve species, including the oysters Crassostrea gigas (Gourdon et al 2000; Isabelle et al 2003) , C virginica (Rathinam et al 2000) , and Ostrea edulis (Boutet et al 2003) ; a mussel, Mytilus edulis (Luedeking and Koehler 2004) ; and a scallop, Chlamys farreri (Wu et al 2003) . Also, recent studies in different species of mollusks have reported the relevant physiological roles of heat shock gene expression in thermal tolerance (Buckley et al 2001; Rossi and Snyder 2001; Hamdoun et al 2003; Tomanek and Sanford 2003; Piano et al 2005) . Interestingly, the absence of inducible Hsp gene expression by thermal stress was reported in an Antarctic fish, Trematomus bernacchii (Hofmann et al 2000) , and an Antarctic ciliate, Euplotes focardii (La Terza et al 2004) , which suggest that the inability of heat shock to induce Hsp supports the loss of the regulation pathway in the Hsp gene expression during evolutionary history; therefore, the characterization of the heat shock response in Antarctic ectothermal organisms is likely to be essential for elucidating their evolution and adaptation. Here we report the full Hsp70 cDNA sequence and its deduced amino acid sequence in L elliptica. In addition, we examine whether L elliptica has at all preserved capacities for inducing a heat shock response and the relative pattern of Hsp70 mRNA expression on acute warming.
MATERIALS AND METHODS

Organisms and heat exposure experiments
Laternula elliptica (shell length ഠ 80 mm) were hand collected by scuba divers from depths of 20 to 30 m in Marian cove near King Sejong Station on the northern Antarctic Peninsula (62Њ13ЈS, 58Њ47ЈW) in January 2006. After acclimation to experimental conditions (ca. 1.0ЊC) for 2 days, the clams were thermally challenged at 10ЊC over a 48-hour period without feeding.
Hsp70 cDNA cloning
Total RNA was extracted from the digestive gland and gill using Trizol reagent (Invitrogen Co, Grand Island, NY, USA). Concentration of total RNA was determined by measuring ultraviolet (UV) absorbance at 260 nm. RNA purity was checked by determining the A 260 /A 280 ratio, and its integrity was checked by formaldehyde agarose gel electrophoresis. Single-strand cDNA was synthesized from 1 mg total RNA in a final volume of 20 L containing 50 pM Oligo-dT 20 , 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 50 mM DTT, 0.75 U Rnasin, 0.2 mM of each dNTP, and 1 U MMLV reverse transcriptase (Promega, Madison, WI, USA). Reactions were incubated for 90 minutes at 42ЊC and terminated by heating at 95ЊC for 5 minutes. Degenerated primers for amplifying an LEHsp70 cDNA fragment of about 1300 bp from L elliptica were designed on the basis of known mollusk Hsp70s (Table 1) . A polymerase chain reaction (PCR) was performed with 0.1 g of cDNA as a template in PCR buffer containing 3 mM MgCl 2 , 0.2 mM dNTPs, and 0.2 M of each primer in 50 L PCR was carried out at 94ЊC for 2 minutes, followed by 30 cycles of 94ЊC for 30 seconds, 58ЊC for 30 seconds, 72ЊC for 2 minutes, and a final extension at 72ЊC for 10 minutes. The PCR products were gel-purified and subcloned into pCR2.1-TOPO (Invitrogen).
Rapid amplification of cDNA ends
Sequences obtained by reverse transcriptase (RT)-PCR were used to design specific oligonucleotides to perform 3Ј and 5Ј rapid amplification of cDNA ends ([RACE], Ta-ble 1). The RACE reactions were performed according to the instructions of the Capfishing full-length cDNA kit (Seegene, Seoul, Korea). Full-length first-strand cDNA was synthesized with oligo (dT)-annealing control primer (ACP) with the following amplification conditions: 0.2 mM each of dNTP, 10 mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 M of genespecific primers, 0.2 M of 5Ј/3Ј-RACE primers, and 1 unit of Taq DNA polymerase. The program for PCR amplification was as follows: 1 cycle at 94ЊC for 5 minutes, 50ЊC for 1 minute, and 72ЊC for 2 minutes; 35 cycles at 94ЊC for 30 seconds, 58ЊC for 30 seconds, 72ЊC for 2 minutes; and a final extension at 72ЊC for 10 min. The resulting RACE products were separated on a 1.5% agarose gel and subcloned into pCR2.1-TOPO (Invitrogen).
Real time RT-PCR
The mRNA levels of LEHsp70 were measured by realtime quantitative RT-PCR amplification. PCR amplifications were performed in 25-L reactions containing cDNA generated from 2.5 ng of original RNA template, 0.2 M each of gene-specific forward and reverse primer (Table 1) , and 12.5 L of 2ϫ QuantiTect SYBR Green PCR Mix (Takara, Tokyo, Japan). The amplified signals were detected continuously with the Smart Cycler System II (Cepheid, Sunnyvale, CA) and were detected with SYBR Green as a double-stranded DNA-specific fluorescent dye that is included in the SYBR Green qPCR premix (Takara). The amplification protocol was as follows: initial 15-second denaturation and enzyme activation at 95ЊC, 45 cycles of 95ЊC for 5 seconds, 52ЊC for 15 seconds, and 72ЊC for 15 seconds. The ␤-actin gene of L elliptica was used as a reference to normalize the expression levels between samples. All data were expressed relative to ␤-actin to compensate for any difference in reverse transcriptase efficiency. All experiments were analyzed in triplicate. Data were collected as Ct (PCR cycle number where fluorescence is detected above a threshold and decreases linearly with increasing input target quantity) using Smart Cycler optical system software version 2.0 (Cepheid, Sunnyvale, CA, USA). The Ct of each sample was used to calculate ⌬Ct values (target gene Ct subtracted from ␤-actin Ct). The relative gene expression-fold change was determined by the 2-ddCt method (Livak and Schmittgen 2001) . All data were expressed as the means Ϯ standard deviation (SD) and analyzed by an unpaired Student t-test after normalization. Differences were considered statistically significant at P Ͻ 0.05.
DNA sequence analysis
The sequences of RT-PCR and RACE products, cloned in pCR2.1-TOPO, were sequenced on a fluorescent automated sequencer from both the 5Ј and 3Ј ends with the ABI PRISM dye terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, CA, USA). Complete sequences were analyzed by searching for similarities using the BLASTX search program in the National Center for Biotechnology Information (NCBI) GeneBank.
RESULTS
cDNA cloning and sequencing of the LEHsp70 gene of L elliptica
Hsp70 cDNA was amplified by degenerated primers HspF and HspR (Table 1) . Primers were based on regions that are highly conserved in mollusk Hsp70. The sequence comparison of the cDNA fragment obtained confirmed the close similarity to known Hsp70 genes. The complete coding sequence of L elliptica was obtained by 3Ј and 5Ј RACE-PCR. The partial Hsp70 sequence was used to design new specific primers (HspGSF and HspGSR) to perform these amplifications ( Table 1 ). The complete cDNA of the L elliptica Hsp70 gene was deposited in GenBank under accession number EF198332.
The full length of LEHsp70 cDNA from L elliptica is 2470 bp, with a single open-reading frame (ORF) of 1962 bp that encodes a protein of 653 amino acids (Fig 1) . The theoretical molecular weight of LEHsp70 based on the deduced amino acid sequence was calculated to be 71.266 kDa with an isoelectronic point (pI) of 5.20. LEHsp70 cDNA includes a 5Ј untranslated region (UTR) located 92 bp upstream of the putative start codon (ATG) and a 3Ј UTR of 395 nucleotides that ends in a poly (A) tail. A possible consensus signal sequence for polyadenylation (AATAAA) is located 14 bp upstream of the poly(A) tail. The deduced amino acid sequence of LEHsp70 cDNA includes 3 typical motifs of the Hsp70 family at residues 9-16 (IDLGTTYS), 199-206 (DLGGGTFD), and 334-339 (IVLVGG). The putative ATP-GTP binding site motif is located at position 131-138, and the putative bipartite nuclear localization signal involved in the selective translocation of LEHsp70 into the nucleus (KK and RRLRT at positions 250-251 and 261-265, respectively). Also highly conserved, the cytoplasmic Hsp70 carboxyl terminal region of EEVD is included at position 650-653 (Fig 1) .
Primary structure comparison
The BLAST program analysis showed that the nucleotide sequence of the LEHsp70 gene shares homology with other known Hsp70 genes, indicating that the cloned gene encodes Hsp70 protein. The predicted amino acid sequence from this cDNA revealed that it was highly conserved, and the conservation of the N-terminus was higher than that of the C-terminus (Fig 2) . Compared to other invertebrate Hsp70 genes, the nucleotide sequence had 64%-76% identity, but its deduced amino acid sequence had 71%-87% identity. LEHsp70 shows greatest homology with Hsp70 from the scallop Chlamys farreri (76% cDNA identity, 87% protein identity; 94% protein similarity). Based on the sequence of LEHsp70, a phylogenetic tree was constructed using the programs CLUSTAL X1.83 and PAUP 4.0 (Fig 3) . LEHsp70 clustered together with that of C farreri and an oyster, Ostrea edulis. The relationships displayed in the phylogenic tree were in general agreement with traditional taxonomy.
Expression of Hsp70 in response of thermal stress
Semiquantitative RT-PCR was used to examine the timedependent expression pattern of LEHsp70 in the diges- tive gland and gill of L elliptica under thermal stress. The mRNA expression of LEHsp70 at different time points after thermal treatment (10ЊC) are shown in Figure 4 . The mRNA transcript of LEHsp70 could be detected both in the control and treatment groups. In previous work, we cloned the ␤-actin mRNA partial sequence from L elliptica (Park et al., unpublished data, accession number EF198331), and we used ␤-actin as an internal standard and normalization to verify the successful transcription and to calibrate the cDNA template for corresponding samples. After 6 hours of heat treatment, the expression of the LEHsp70 gene was upregulated and reached the highest level at 12 hours in the gill. After 24 hours, the expression of LEHsp70 decreased gradually and returned to the control level. However, the expression of the LEHsp70 gene reached its highest point at 24 hours in the digestive gland where it maintained a relatively high level.
DISCUSSION
Antarctic clams are thought to have gained a unique adaptive mechanism to extremely cold environments during several million years of evolution. To address the pos- sibility that such cold-adapted species retain a highly conserved cellular response to heat stress, we determined the full-length sequence of Hsp70 cDNA from Laternula elliptica, the first Hsp70 gene sequence reported for an Antarctic clam. The full-length cDNA of the LEHsp70 gene is 2470 bp, which encodes a polypeptide of 653 amino acids with several highly conserved functional motifs, such as 3 conserved Hsp70 family signatures, an ATP/ GTP binding motif, and a bipartite nuclear targeting sequence. In addition, a notable feature of LEHsp70 is the presence of 2 consecutive repeats of the tetrapeptide motif GGMP and cytosolic Hsp70-specific motif EEVD at the C-terminus. Structural and phylogenetic features of LEHsp70 suggest that it encodes cytosolic Hsp70. Although regions of homology extend throughout the Hsp70s, the C-terminal region has greater divergence. The variation in sequences in the C-terminus has functional consequences in proteins that may determine the functional specificity of individual Hsps. Biochemical and structural analyses showed that Hsp70 consists of a highly conserved N-terminal, 44-kDa, ATP-binding and ATPase activity domain, a less well conserved, 18-kDa, peptide-binding domain involved in the interaction with cochaperones, and a C-terminal, 10-kDa, variable domain that may form a lid over the peptide-binding pocket (Rü -diger et al 1997; Zhu et al 1996) . Remarkably, the C-terminal domain of LEHsp70 from residues 546 to 653 has a high glycine content (18.52%). The variations in sequence in the C-terminal region have functional consequences in proteins, as they drastically modify the position of the helical subdomain that appears to function as a latch for access to the binding site (Fuertesa et al 2004) . Although the function of the C-terminal 10-kDa domain has not been revealed, this may indicate that the C-terminal domain of glycine-rich repetitions of the tetrapeptide GGMP of unknown function and the EEVD motif at the extreme C-terminus together form a structural entity that mediates cofactor binding. Unfortunately, few studies of the molecular or biochemical characterization the Hsp70 gene of Antarctic bivalves are available, and we do not know whether such a C-terminal feature is responsible for their evolutionary cold adaptation.
Several studies have confirmed the rapid expression of proteins of the Hsp70 family in aquatic organisms as a result of osmotic (Smith et al 1999) , heavy metal (Geraci et al 2004) , and thermal (Piano et al 2002 (Piano et al , 2004 stress. Franzellitti and Fabbri (2005) showed that Hsp70 isoforms were induced immediately after 1 hour of heat shock in a mussel. Also, Piano et al (2002) reported that Hsp expression in response to heat shock was detectable up to 14 days in elevated protein levels. The analysis of LEHsp70 expression showed that LEHsp70 was expressed ubiquitously in both gill and digestive gland, indicating that LEHsp70 also is synthesized under unstressed conditions. LEHsp70 expression significantly increased after thermal exposure of L elliptica to 10ЊC and remained at a steady level or decreased after 24 h. LEHsp70 mRNA clearly was detectable in both tissues 6 hours after heat stress, whereas a lag time was needed for its expression in the digestive gland. Although it is difficult to distinguish whether the transcript can be simultaneously or differentially modulated by stress, the gill is likely the most sensitive organ in that it is directly exposed to the external environment. Thus, the organspecific response to thermal stress found in this study is in good agreement with previous studies in other mollusks Piano et al 2005) .
Global warming is one of the major factors affecting survival, especially of Antarctic species like L elliptica that live in thermally stable environments. Hsps have received the most attention in organisms as part of a suite of stress indices because their expression is highly variable in the presence or absence of stimuli. Our study demonstrates the first complete unit of the Hsp70 gene in an Antarctic clam. Our findings suggest that the LEHsp70 gene is expressed in response to thermal stress, and therefore may play an important role in thermal tolerance. Furthermore, comparative studies between Antarctic species with and without inducible Hsp genes can provide clues to understanding adaptation and evolutionary processes in this extremely harsh environment.
